Increased mitochondrial damage is related to the progression of a diet-induced nonalcoholic fatty liver disease. The aim of our study is to investigate the role of Sirtuin 3 (Sirt3) in treating nonalcoholic fatty liver disease with a focus on mitophagy and the ERK-CREB pathway. Our data indicated that Sirt3 was downregulated in liver tissue in response to chronic HFD treatment. Interestingly, re-introduction of Sirt3 protected hepatic function, attenuated liver fibrosis, alleviated the inflammatory response, and prevented hepatocyte apoptosis. Molecular investigations demonstrated that lipotoxicity was associated with an increase in mitochondrial apoptosis as evidenced by reduced mitochondrial potential, augmented ROS production, increased cyt-c leakage into the nucleus, and activated caspase-9 apoptotic signalling. Additionally, Sirt3 overexpression protected hepatocytes against mitochondrial apoptosis via promoting Bnip3-required mitophagy. Functional studies showed that Sirt3 reversed Bnip3 expression and mitophagy activity via the ERK-CREB signalling pathway. Blockade of the ERK-CREB axis repressed the promotive effects of Sirt3 on Bnip3 activation and mitophagy augmentation, finally negating the anti-apoptotic influences of Sirt3 on hepatocytes in the setting of high-fat-stress. Collectively, our data show that high-fat-mediated liver damage is associated with Sirt3 downregulation, which is followed by ERK-CREB pathway inactivation and Bnip3-mediated inhibition of mitophagy, causing hepatocytes to undergo mitochondria-dependent cell death. Based on this, strategies for enhancing Sirt3 activity and activating the ERK-CREB-Bnip3-mitophagy pathways could be used to treat nonalcoholic fatty liver disease.
Introduction
Nonalcoholic fatty liver disease (NAFLD) encompasses a broad spectrum, including simple steatosis, nonalcoholic steatohepatitis (NASH) with fibrosis, cirrhosis, and probably hepatocellular carcinoma [1, 2] . Approximately 30% of the U.S population is obese, and 75% of these obese individuals have NAFLD [3, 4] . Pathogenically, increased free fatty acid levels have been associated with the development and progression of NAFLD [5] . Excessive free fatty acids enhance the oxidation of fatty acids in the liver, producing excessive superoxide [6] . Subsequently, uncontrolled oxidative stress disrupts mitochondrial function, causes membrane structure oxidation and generates most advanced oxidation protein products [7, 8] . Among those pathological processes, mitochondrial dysfunction has been acknowledged as the primary molecular event of high-fat-mediated hepatocyte injury [9, 10] .
Damaged mitochondria fail to produce enough ATP to ensure normal hepatocyte function, resulting in disorders in lipid metabolism regulation, blood glucose management, and protein synthesis and output [11] . Moreover, damaged mitochondria contribute to oxidative stress, causing hepatocyte senescence [12, 13] . More severely, poorly structured mitochondria could liberate pro-apoptotic factors into the cytoplasm/nucleus, initiating mitochondria-dependent hepatocyte death [14, 15] . Accordingly, understanding the molecular mechanisms by which hyperlipidaemia imposes damage on mitochondria is significant for designing a novel approach to treat fatty liver disease.
Sirtuin 3 (Sirt3), a type of NAD-dependent deacetylase expressed mainly in mitochondria, has recently been reported to have multiple effects on mitochondrial protection in response to several types of stress, such as oxidative stress, hyperglycaemia, fatty acid composition, and myocardial infarction [16] [17] [18] . In fatty liver disease, Sirt3 activation has been reported to promote acylcarnitine metabolism [19] , Moreover, in hepatitis B virus infection, Sirt3 could restrict HBV transcription and replication, limiting inflammation-mediated liver damage [20, 21] . In liver ischaemia-reperfusion injury, Sirt3 is unfortunately downregulated, whereas exogenous administration of Sirt3 attenuates reperfusion-mediated liver damage via maintaining mitochondrial calcium homeostasis and energetic balance [22, 23] . Along with the welldocumented beneficial role of Sirt3 in liver protection, the relationship between Sirt3 and high-fat-mediated mitochondrial damage in fatty liver disease should be investigated.
Although mitochondria are susceptible to hyperlipidaemia-triggered damage, mitochondria can employ lysosomes to remove damaged mitochondrial fragments, which is termed mitophagy, a kind of mitochondrial autophagy [24, 25] . This concept has been verified by our previous studies showing that mitophagy activation sustains mitochondrial energy metabolism [26] , attenuates high lipid-mediated oxidative stress [27] , prevents hyperlipidaemia-mediated mitochondrial apoptosis [28] and, as a result, inhibits the progression of fatty liver disease [29] . Furthermore, mitophagic activity is primarily regulated by Bnip3 [30] , and deletion of Bnip3 has been found to be related to chronic liver damage and metabolic disorder. For example, in diabetic mice, Bnip3 deficiency aggravates insulin resistance and metabolic syndrome [31] . Moreover, Bnip3 deletion increases ROS production, the inflammatory response and steatohepatitis in the liver tissue [32] . Along with the well-documented role of Bnip3-mediated mitophagy in liver protection, we ask whether Bnip3-mediated mitophagy is regulated by Sirt3 in the setting of fatty liver disease.
Additionally, several pieces of evidence have established the upstream mediators of mitophagy activation, including the ERK-CREB signalling pathway. In chronic cardiovascular disorders, activation of the ERK-CREB signalling pathway sustains mitophagy activity [33] , repressing cardiac fibrosis. Furthermore, in neuroinflammation, increased ERK is associated with high Bnip3 expression and mitophagy activation, protecting neurons against inflammation-mediated apoptosis [34] . However, no study is available to explain the role of the ERK-CREB signalling pathway in fatty liver disease and mitophagy management. Accordingly, the aim of our study is to explore the therapeutic effect of Sirt3 in fatty liver disease, especially focusing on hepatocyte mitochondrial apoptosis, Bnip3-mediated mitophagy, and the ERK-CREB signalling pathway.
Materials and methods

Animals and treatment
All animal protocols were approved by the Institutional Animal Care and Use Committee of the Institute of Model Animals of Chinese PLA General Hospital and the Animal Care and Use Committee of Chinese PLA General Hospital. Sirt3 transgenic (Sirt3-TG) mice (C57BL/6 background) purchased from Jackson Laboratory (Bar Harbor, ME, USA) were used to establish the fatty liver disease model. WT mice were used as the control group. Mice were housed in a temperature-controlled environment (23 ± 2°C) with a 12 h light/dark cycle. Male mice of 8-10 weeks were incorporated into the experiments and were continuously fed either a high-fat diet (HFD) or a normal chow (low-fat diet (LFD)) diet for 12 weeks according to our previous study [29] .
Mouse serum cytokine and hepatic lipid analyses
For analysis of serum cytokine levels, the serum concentrations of cytokines were determined using ELISA. ELISA Kits (#PMTA00B for insulin, #PMLB00C for glucagon, #PMLB00C for C-Peptide, #PM4000B for TNFɑ, #PM6000B for MCP-1; Cusabio Technology, Wuhan, China) and commercial kits for triglyceride (TG) and total cholesterol (TC) (290-63701 for TG, 294-65801 for TC; Wako, Tokyo, Japan) were used to measure the TG and TC contents, according to the manufacturer's instructions [35] . Liver functions were evaluated in the animals by determining the serum concentrations of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) using an ADVIA 2400 Chemistry System analyser, according to the manufacturer's instructions [36] .
Histological analysis
Liver sections were embedded in paraffin and then stained using haematoxylin and eosin (H&E) to visualise the hepatocyte swelling [37] . The hepatocyte vacuolation was evaluated via measuring the average diameter of hepatocyte. Lipid droplet accumulation in the liver was visualised using Oil Red O staining of frozen liver sections that were prepared in Tissue-Tek OCT compound. Relative Oil Red O accumulation was analysed by spectrophotometry (absorbance at 540 nm) according to a previous study [29] . For determination of liver fibrosis, Sirius Red staining was performed using paraffin-prepared liver sections. The average grayscale intensity was recorded using Image-Pro Plus 6.0 software [38] . The histological features of the tissues were observed and imaged using a light microscope (Olympus, Tokyo, Japan) [39] .
Cell isolation and culture
Primary hepatocytes from 6 to 8 week-old mice (WT mice and Sirt3-TG mice) were isolated via liver perfusion. Briefly, mice were anaesthetised with pentobarbital sodium (90 mg/kg). A total of 45 ml of Liver Perfusion Medium (Life Technologies, Carlsbad, CA, USA, 17701-038) was perfused through the portal vein, followed by perfusion with Liver Digest Medium (Life Technologies, 17703-034) for 5 min at a rate of 2 ml/min. After this digestion, the liver was excised, minced and filtered through a steel mesh. Primary hepatocytes were separated via centrifugation at 50 g for 5 min and purified in 50% Percoll solution (17-0891-01, GE Healthcare Life Sciences, Buckinghamshire, England). Hepatocytes were cultured in Dulbecco's modified Eagle's medium supplemented with 10% foetal bovine serum and 1% penicillin-streptomycin in a 5% CO 2 /water-saturated incubator at 37°C. Palmitic acid (PA, 75 μmol/L; Sigma-Aldrich) was added to the medium for 24 h to establish an in vitro model of lipid accumulation in hepatocytes [29] .
Western blotting analysis
Proteins were separated using 10% SDS-PAGE gels (#NP0301BOX, Invitrogen) and then transferred to PVDF membranes (#IPVH00010, Millipore). After the membranes were blocked in 5% skim milk, they were incubated overnight at 4°C with primary antibodies and then for 1 h at room temperature with the corresponding secondary antibodies. A ChemiDoc MP Imaging System was used for signal detection [40] . Protein expression levels were quantified using Image Lab software and normalised to the levels of β-actin, which was used as a loading control. The primary antibodies used for immunoblotting were as follows: procaspase-3 (1:1000, Cell Signalling Technology, #9662), cleaved caspase-3 (1:1000, Cell Signalling Technology, #9664), Bax Monoclonal Antibody (6A7) (1:1000, Thermo Fisher Scientific, #14-6997-81), Bcl2 
Immunofluorescent staining and mitophagy detection
Cells were first fixed with 4% paraformaldehyde for 30 min at room temperature. After incubation with 3% hydrogen peroxide for 10 min to block endogenous peroxidase activity, the samples were treated with the primary antibodies at 4°C overnight. After the slides were washed with PBS and then incubated with secondary antibody (1:500, Invitrogen, Carlsbad, CA, USA) at room temperature for 45 min. Nuclei were stained using DAPI. Images were observed with fluorescence microscopy (Olympus BX-61). The primary antibodies used in the present study were as follows: p-ERK (1:1000, Abcam, #ab176660), Bnip3 (1:1000, Cell Signalling Technology, #44060), Tom20 (mitochondria marker, 1:1000, Abcam, #ab186735), LAMP1 (lysosome marker, 1:1000, Abcam, #ab24170), cyt-c (1:1000; Abcam; #ab90529). Mitophagy is the result of fusion between mitochondria and lysosome. The green mitochondria locate with red lysosome would generate the orange mitophagy. Then, the number of orange dot was measured to quantify the number of mitophagy.
Adenovirus vector construction and small interfering RNA (siRNA) knockdown
For Sirt3 overexpression, the entire coding region of the mouse Sirt3 gene was placed into a replication-defective adenoviral vector under the control of the cytomegalovirus promoter. Recombinant adenoviruses were generated using an AdEasy vector kit (Stratagene, La Jolla, California, USA). Plasmids were recombined with the pAdEasy backbone vector according to the manufacturer's instructions [41] and were used to transfect HEK293T cells with the aid of FuGENE transfection reagent (E2312, Roche, Indianapolis, IN, USA). Recombinant adenoviruses were plaque-purified, titred to 109 plaque-forming units per ml and verified via restriction digestion. The cells were infected with adenoviruses in diluted medium at a multiplicity of infection of 50 for 24 h.
Knockdown experiments of Bnip3 in mouse primary hepatocytes were performed using siRNA oligonucleotides from GenePharma, China. The cells were transfected with siRNAs using Lipofectamine RNAiMAX (cat. 13778030, Life Technologies) [42] .
ROS staining
ROS production was quantified ex vivo by DCFDA staining. Isolated cells were incubated with 5 mg/ml DCFDA in complete DMEM medium for 30 min, washed with phosphate-buffered saline, and analysed by flow cytometry [43] . For each experiment, at least 1 × 10 5 cells were analysed to calculate the mean fluorescence intensity of DCFDA staining.
GSH, GPx and SOD detection
GSH, GPx and SOD are important antioxidants that scavenge free radicals and, therefore, suppress the extent of oxidative stress. The SOD/GPx activity and GSH concentration were measured using commercial kits (Beyotime Institute of Biotechnology, China) following the manufacturer's instructions [44] .
Cellular viability detection and apoptosis assays
Cellular viability detection and apoptosis assays were measured via MTT assays and TUNEL staining [45] . The MMT assay was conducted as previously described. Briefly, the cells were seeded in a 96-well plate at 37°C with 5% CO 2 . Subsequently, 20 µl 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (5 mg/ml; pH 7.4; Sigma-Aldrich) was added to the cells for 4 h. The supernatants were then discarded, and 100 µl dimethyl sulfoxide (Sigma-Aldrich) was added to each well for 10 min. The OD of the samples was measured at an absorbance of 490 nm using a spectrophotometer (Epoch 2; BioTek Instruments, Inc., Winooski, VT, USA). The assay was repeated 3 times.
A TUNEL assay was performed using a one-step TUNEL kit (Beyotime Institute of Biotechnology, Haimen, China) according to the manufacturer's instructions. TUNEL staining was performed with fluorescein-dUTP (Invitrogen; Thermo Fisher Scientific, Inc.) to stain apoptotic cell nuclei, and DAPI (5 mg/ml) was used to stain all cell nuclei at room temperature for 3 min. The cells in which the nucleus was stained with fluorescein-dUTP were defined as TUNEL positive. The slides were then imaged under a confocal microscope.
Mitochondrial function measurement
Mitochondrial function measurement was performed by analysing ATP production and mitochondrial potential [46] . The cellular ATP levels were measured using a firefly luciferase-based ATP assay kit (Beyotime Institute of Biotechnology). The mitochondrial transmembrane potential was analysed using a TMRE Kit (Invitrogen; Thermo Fisher Scientific, Inc., cat. no. T669). Results were analysed using a spectrophotometer (Epoch 2; BioTek Instruments, Inc., Winooski, VT, USA) [47] .
Statistical analysis
All statistical analyses were performed using SPSS software (version 19.0). All data in this study are expressed as the mean ± SEM. Several experiments were performed blind such as mouse serum cytokine detection, hepatic lipid analyses, histological analysis, mitochondrial function measurement, cellular viability detection, immunofluorescence, and ROS staining. For data that showed a normal distribution and homogeneity of variance, one-way ANOVA was performed for comparisons among more than two groups using a Bonferroni analysis. P value < 0.05 was considered significant.
Results
Sirt3 overexpression prevents diet-mediated fatty liver disease
To verify the alterations of Sirt3 in the fatty liver disease, we fed mice a high-fat diet (HFD) for 12 weeks to generate fatty liver disease. The change of Sirt3 was monitored via western blotting. As shown in Fig. 1A -B, HFD significantly reduced the expression of Sirt3 in liver tissue compared to that the low-fat-diet (LFD) group. To test whether Sirt3 directly influenced the progression of fatty liver disease, we treated Sirt3 transgenic (Sirt3-TG) mice with the HFD. Subsequently, the hepatic lipid metabolism parameters were measured. Compared to the low-fat diet (LFD), the HFD increased the body weights (Fig. 1C ) and liver weights (Fig. 1D) ; these effects were reversed by Sirt3 overexpression. In addition, compared to the LFD, the HFD increased the levels of fasting blood glucose (Fig. 1E ), c-peptide (Fig. 1F) , HbA1c (Fig. 1G) , and glucagon (Fig. 1H) . However, these alterations were attenuated in Sirt3-TG mice.
Regarding hepatic damage parameters, the levels of triglycerides (Fig. 1I) , total cholesterol (Fig. 1J), leptin (Fig. 1K) , adiponectin ( Fig. 1L ) alanine transaminase (ALT) (Fig. 1M) , and aspartate transaminase (AST) (Fig. 1N) were upregulated in HFD-treated mice and were downregulated in Sirt3-TG mice. Altogether, this information indicates that Sirt3 is downregulated in response to HFD and that overexpression of Sirt3 prevents diet-mediated fatty liver disease.
Sirt3 reduces hepatic damage induced by high-fat diet
Subsequent experiments were performed to analyse the liver histological alterations in response to Sirt3 overexpression in the presence of HFD treatment. As shown in Fig. 2A-B , HFD treatment increased the size of hepatocytes, as evaluated via H&E staining. However, this alteration was reversed by Sirt3 overexpression. Moreover, to observe the lipid accumulation in liver, we performed Oil Red O staining. The results in Fig. 2C -D demonstrated that HFD treatment promotes lipid accumulation in the liver, and this effect was reversed by Sirt3 overexpression. Additionally, liver fibrosis was measured via Sirius Red staining, and the results indicated that HFD-triggered liver fibrosis was attenuated in Sirt3-TG mice (Fig. 2E-F) . This finding was further verified via analysing fibrosis parameters using western blotting. As shown in Fig. 2G -J, Collagen I/III/IV were increased in response to HFD treatment and were reduced in Sirt3-TG mice. Furthermore, the pathways related to liver fibrosis, such as TGFβ and MMP9 (Fig. 2K-L) , were also upregulated in HFD-treated mice and were downregulated in Sirt3-TG mice. Altogether, these data suggest that Sirt3 acts as an endogenous defender against the HFD-mediated hepatocyte vacuolation, steatosis and fibrosis.
The liver inflammatory response was also evaluated because inflammation has been reported to be a primary cause of fatty liver disease. Through ELISA (Fig. 2M-O) and western blotting analysis The glucose levels in WT mice and Sirt3-TG mice in the presence of HFD. F-N. The levels of c-peptide, HbA1c, glucagon, triglyceride, total cholesterol, leptin, adiponectin, ALT and AST in the blood isolated from WT mice and Sirt3-TG mice using ELISA. The data represent the mean ± SEM (n = 4 mice per group). *P < 0.05. (Fig. 2P-S) , we demonstrated that inflammatory factors such as TNFα, IL-8 and MCP1 were increased in HFD-fed mice and were reduced to near-normal levels in Sirt3-TG mice (Fig. 2M-S) . Taken together, our data illustrate the inhibitory role played by Sirt3 in suppressing HFDmediated hepatocyte damage.
Sirt3 attenuates hepatocyte death via sustaining mitochondrial function
Excessive lipid accumulation could induce hepatocyte death via disrupting mitochondrial function. Accordingly, the following experiments were performed to analyse the cellular viability in response to high-fat damage in vitro. Primary hepatocytes were isolated from WT and Sirt3-TG mice and were then treated with palmitic acid (PA, 75 μmol/L for 24 h) in vitro. Subsequently, cellular viability was measured via MTT assays. As shown in Fig. 3A , PA treatment significantly reduced hepatocyte viability, and this effect was reversed by Sirt3 overexpression. To understand the mechanism by which PA reduced cellular viability, we performed TUNEL assays to investigate the apoptotic index of hepatocytes in response to PA treatment. As shown in Fig. 3B -C, the number of TUNEL-positive cells was increased in the PA-loaded cells and was reduced to near-normal levels in the Sirt3-overexpressing cells. This information indicates that high-fat treatment promotes hepatocyte apoptosis, and this process is strongly blocked by Sirt3.
A previous study reported that mitochondrial damage is implicated in hyperlipidaemia-mediated hepatocyte apoptosis; thus, mitochondrial homeostasis was evaluated in the Sirt3-overexpressing cells in the presence of PA stress. First, mitochondrial ROS production was increased by PA treatment, as determined using flow cytometry analysis (Fig. 3D-E) . However, Sirt3 overexpression repressed the ROS The levels of inflammatory factors in the blood were evaluated via ELISA. P-S. The liver tissues of WT mice and Sirt3-TG mice were isolated and western blotting was carried out to analyse the expression of pro-inflammation factors. The data represent the mean ± SEM (n = 4 mice per group). *P < 0.05. generation ( Fig. 3D-E) . As a consequence of ROS overproduction, the concentrations of antioxidants such as GSH, SOD and GPx were downregulated in PA-treated cells and were reversed to near-normal levels in the Sirt3-overexpressing cells (Fig. 3F-H) .
Furthermore, based on previous findings, uncontrolled mitochondrial oxidative stress interrupts the ATP production in the mitochondria [48] . In the present study, we demonstrated that PA-suppressed ATP production was reversed by Sirt3 overexpression (Fig. 3I) . Collectively, these results indicate that PA-evoked mitochondrial dysfunction is repressed by Sirt3 overexpression in hepatocytes.
Sirt3 blocks hepatocyte mitochondrial apoptosis in the setting of highfat injury
At the molecular level, mitochondrial dysfunction is the early stage of cellular apoptosis [49] . Mitochondrial apoptosis is characterised by ATP shortage, mitochondrial potential collapse, pro-apoptotic factor liberation, and activation of the caspase family [50] . In the present study, the mitochondrial potential was reduced in response to PA treatment and was reversed to near-normal levels in the Sirt3-overexpressing cells (Fig. 4A) . At the molecular levels, mitochondrial potential was stabilised via the mitochondrial respiratory complex. However, PA treatment reduced the expression of the mitochondrial respiratory complex, and this effect was reversed by Sirt3 overexpression (Fig. 4B-E) . Mitochondrial potential reduction promotes pro-apoptotic factor leakage from the mitochondria into the cytoplasm/ nucleus [51] . To confirm this, we performed immunofluorescence assays. As shown in Fig. 4F -G, PA treatment promotes the cyt-c leakage into the cytoplasm/nucleus when compared to that of the control group. Cyt-c is the mitochondrial pro-apoptotic factor that activates caspase-9 and caspase-3 upon liberation from the mitochondria into the cytoplasm/nucleus. However, the PA-triggered cyt-c leakage was strongly inhibited by Sirt3 overexpression (Fig. 4F-G) . As a consequence of cyt-c liberation, pro-apoptotic proteins such as caspase-3, caspase-9, and Bax were increased in PA-treated cell (Fig. 4H-M) . By comparison, the contents of anti-apoptotic proteins such as Bcl-2 and survivin were correspondingly downregulated (Fig. 4H-M) . Interestingly, re-introduction of Sirt3 corrected the balance between proapoptotic proteins and anti-apoptotic factors (Fig. 4H-M) . Taken together, these data suggested that PA-initiated mitochondrial apoptosis was blocked by Sirt3 in hepatocytes.
Sirt3 activates mitophagy via upregulating Bnip3 expression
In response to mitochondrial damage, mitochondria themselves would activate mitophagy to remove the poorly structured mitochondria, maintaining mitochondrial quantity and quality [52] . To observe the mitophagy activity in response to PA, we performed western blotting. As shown in Fig. 5A -G, compared to the control group, PA treatment reduced the expression of LC3II and increased the expression of LC3I, indicative of the impairment of autophagosomes. Subsequently, mitochondria were isolated, and the mitochondrial LC3II Redox Biology 18 (2018) [229] [230] [231] [232] [233] [234] [235] [236] [237] [238] [239] [240] [241] [242] [243] (mito-LC3II) was measured. Similarly, the content of mito-LC3II was also repressed by PA when compared to that of the control group (Fig. 5A-G) . Additionally, the mitophagy parameters, such as Beclin1 and Atg5, were also downregulated in response to PA treatment. Altogether, these data indicate that mitophagy is inactivated by PA in hepatocytes (Fig. 5A-G) . Interestingly, regaining Sirt3 reversed the expression of mito-LC3II, Atg5 and Beclin1, suggestive of mitophagy activation in response to Sirt3 overexpression. According to a previous study, mitophagy in hepatocytes is primarily regulated by Bnip3 [29] . In the present study, we found that Bnip3 expression was downregulated by PA treatment and was upregulated in the Sirt3-overexpressing cells (Fig. 5 A and G) . This information suggests that Sirt3 reverses mitophagy activity that may occur via regulating Bnip3 expression. To further confirm whether Bnip3 is required for Sirt3-mediated mitophagy activation in the presence of PA, we transfected siRNA against Bnip3 into the Sirt3-overexpressing cells. Subsequently, mitophagy activity was further observed via immunofluorescence. As shown in Fig. 5H -J, numerous mitochondria were co-located with lysosomes in the control group; however, PA treatment disrupted the fusion between mitochondria and lysosomes. Interestingly, overexpression of Sirt3 re-activated the interaction between mitochondria and lysosomes, and this effect was abrogated by deleting Bnip3 (Fig. 5H-J) , indicating that Sirt3 maintained mitophagy via Bnip3. Altogether, our data indicate that mitophagy is drastically inhibited by PA and is re-activated by Sirt3 via reversing Bnip3 expression. Fig. 3 . Sirt3 alleviates high-fat-induced hepatocyte death. A. Primary hepatocytes were isolated from WT mice and Sirt3-TG mice. Then, PA was used in vitro to mimic the high-fat damage. MTT assay was used to analyse the hepatocyte viability in response to PA treatment. B-C. TUNEL staining for apoptosis detection. The green nucleus indicates an apoptotic cell. D-E. The ROS production in Sirt3-overexpressing cells with PA treatment was measured via flow cytometry. F-H. The levels of antioxidants, including SOD, GSH and GPx, were measured via ELISA. I. For analysis of mitochondrial function, cellular ATP production was evaluated via ELISA. The data represent the mean ± SEM (n = 4 mice per group). *P < 0.05.
Bnip3-mediated mitophagy protects mitochondria against high-fatmediated damage
To explain the beneficial effects of Bnip3-mediated mitophagy in mitochondrial protection exerted by Sirt3, we examined the mitochondrial function again in Bnip3-knockout cells. First, the mitochondrial potential was reduced in the PA-treated cells and was stabilised in the Sirt3-overexpressing hepatocytes (Fig. 6A) . However, loss Fig. 4 . Sirt3 sustains mitochondrial function and blocks mitochondrial apoptosis activation. A. The mitochondrial membrane potential was evaluated using TRME. The relative TMRE fluorescence was evaluated using spectrophotometer. B-E. After PA treatment, hepatocytes were collected, and the proteins were isolated. Then, western blotting was performed to analyse the expression of the mitochondrial respiratory complex. Tom20 was the loading control for the mitochondrial proteins. F-G. Immunofluorescence assay for cyt-c liberation. DAPI was used to tag the nucleus. The fusion of cyt-c and DAPI indicates the leakage of cyt-c from mitochondria into the cytoplasm/nucleus. H-M. The anti-apoptotic and pro-apoptotic protein expression was detected to quantify the mitochondrial apoptosis using western blotting analysis. The data represent the mean ± SEM (n = 4 mice per group). *P < 0.05. of Bnip3 negated the protective effect of Sirt3 on mitochondrial potential stabilisation (Fig. 6A) . In addition, Sirt3-inhibited cyt-c liberation was also reversed by Bnip3 deletion in hepatocytes treated with PA ( Fig. 6B-C) . Moreover, the concentration of antioxidants was increased by Sirt3 overexpression and was reduced in response to Bnip3 deletion (Fig. 6D-F) . These data indicated that Sirt3 overexpression maintains mitochondrial function.
To verify whether Bnip3-mediated mitophagy suppresses PA-mediated hepatocyte mitochondrial apoptosis, we performed caspase-9 activity and LDH release assays. Caspase-9, the key marker of mitochondrial apoptosis, was activated by PA treatment and was inactivated by Sirt3 overexpression (Fig. 6G) . However, the loss of Bnip3 increased the caspase-9 activity despite the overexpression of Sirt3 (Fig. 6G) . Moreover, the content of LDH was increased in PA-loaded hepatocytes, indicative of the breakage of cell membranes due to cell death (Fig. 6H) . However, Sirt3 overexpression reduced the LDH release, and this effect was dependent on Bnip3 expression. Besides, to observe the role of Bnip3-related mitophagy in lipid accumulation, we Fig. 5 . Hyperlipemia-inhibited mitophagy is re-activated by Sirt3 overexpression via Bnip3. A-G. After PA treatment, hepatocytes were collected, and the proteins were isolated. Then, western blotting was performed to analyse the proteins expression related to mitophagy. H-J. Immunofluorescence assay for mitophagy. The location of mitochondria and lysosomes indicates mitophagy. The number of mitophagy events was recorded. The data represent the mean ± SEM (n = 4 mice per group). *P < 0.05. Fig. 6 . Bnip3-mediated mitophagy preserves mitochondrial homeostasis. A The mitochondrial membrane potential was evaluated using TRME. The relative TMRE fluorescence was evaluated using spectrophotometer. B-C. Cyt-c leakage into cytoplasm/nucleus was verified via immunofluorescence assay. The nucleus expression of cyt-c was recorded. D-F. The concentrations of antioxidants were measured via ELISAs. G. Caspase-9 activity was measured to reflect the role of Bnip3 deletion in cell apoptosis. H. LDH release assay was performed in Sirt3-overexpressing or Bnip3-knockout cells. I-J. Lipid accumulation was revealed by Oil Red O staining. The data represent the mean ± SEM (n = 4 mice per group). *P < 0.05.
performed Oil Red O staining in hepatocyte. The results in Fig. 6I -J demonstrated that Sirt3 overexpression inhibited PA-mediated lipid accumulation; this effect of which was negated by Bnip3 deletion.
Sirt3 controls Bnip3-mediated mitophagy via the ERK-CREB signalling pathway
To determine the mechanism by which Sirt3 modulates Bnip3 expression, we focused on the ERK-CREB signalling pathway since this cascade has been reported to be the upstream mediator of mitophagy in cardiovascular disorders and neurological problems [33, 34] . First, we demonstrated that the ERK-CREB pathway was inactivated by PA treatment, as evidenced by decreased phosphorylated ERK and CREB expression (Fig. 7A-D) . Interestingly, Sirt3 overexpression reversed the levels of p-ERK content and p-CREB (Fig. 7A-D) . To determine whether the ERK-CREB signalling pathway was involved in Sirt3-mediated Bnip3 upregulation, we used a pathway blocker. PD98059, an inhibitor of the ERK signalling pathway, not only inhibited Sirt3-mediated ERK and CREB activation but also repressed Sirt3-induced Bnip3 upregulation (Fig. 7A-D) , indicating that the ERK-CREB pathway is responsible Fig. 7 . Sirt3 modulates Bnip3 via the ERK-CREB signalling pathway. A-D. Proteins were isolated from PA-treated hepatocytes, and then, western blotting was carried out to analyse the expression of ERK phosphorylation, CREB phosphorylation and Bnip3. To inhibit the activity of ERK, PD98059 was applied to Sirt3-overexpressing cells. E-G. Immunofluorescence assay for ERK phosphorylation and Bnip3. PD98059 was used to block the ERK activation. H-I. The number of mitophagy events was monitored via immunofluorescence. The data represent the mean ± SEM (n = 4 mice per group). *P < 0.05.
for Sirt3-modulated Bnip3 elevation. This finding was further validated via immunofluorescence assays. The fluorescence intensities of p-ERK and Bnip3 were decreased in PA-treated hepatocytes and were reversed to near-normal levels in Sirt3-overexpressed cells (Fig. 7E-G) . However, blockade of the ERK pathway significantly repressed Bnip3 expression despite the overexpression of Sirt3 (Fig. 7E-G) . These data indicate that Sirt3 controls Bnip3 expression via the ERK-CREB signalling pathway.
Subsequently, to confirm whether the ERK-CREB axis was also involved in mitophagy activity, immunofluorescence for mitophagy was performed again. Compared to the control, PA repressed the cooperation between mitochondria and lysosomes, and this effect was reversed by Sirt3 overexpression (Fig. 7H-I) . However, inhibition of the ERK-CREB singling pathway abrogated the promotive effect of Sirt3 on mitophagy activation (Fig. 7H-I) . Altogether, our data support the functional importance of the ERK-CREB signalling pathway in promoting Sirt3-modulated mitophagy in the setting of high-fat stress.
The ERK-CREB signalling pathway is also involved in hepatocyte protection
Finally, we wanted to know whether the ERK-CREB singling pathway was also implicated in hepatocyte apoptosis and mitochondrial homeostasis. First, TUNEL assays demonstrated that the number of TUNEL-positive hepatocytes was increased in PA-treated cells and was reduced in response to Sirt3 overexpression ( Fig. 8A-B) . However, blockade of the ERK-CREB signalling pathway re-elevated the ratio of TUNEL-positive cells despite overexpression of Sirt3 (Fig. 8A-B) . Similarly, the inflammatory factors, such as TNFα, IL-8 and MCP1, were also upregulated in PA-treated cells and were decreased to near-normal levels in response to Sirt3 overexpression in a ERK-CREB signalling pathway activation-dependent manner (Fig. 8C-F) .
Regarding mitochondrial homeostasis, PA-repressed ATP production was also reversed by Sirt3 overexpression via activating the ERK-CREB axis (Fig. 8G) . In addition, PA-triggered ROS production was also reduced by Sirt3, and this effect was nullified by inhibiting the ERK-CREB signalling pathway (Fig. 8H-I) . Taken together, these data indicated that the ERK-CREB signalling pathway was also involved in mitochondrial homeostasis and hepatocyte protection in the setting of high-fat stress.
Discussion
In the present study, our results suggested that Sirt3 was downregulated by chronic hyperlipidaemia stress. However, gain-of-function assays of Sirt3 in vitro and in vivo confirmed that Sirt3 played a protective role against fatty liver disease. Mechanistically, Sirt3 overexpression maintained mitochondrial function, reduced mitochondria oxidative stress, sustained mitochondrial energy metabolism, stabilised mitochondrial potential, repressed mitochondrial pro-apoptotic factor liberation, and blocked mitochondrial apoptosis activation. Furthermore, a functional investigation showed that Sirt3 protected mitochondria against high-fat stress via activating mitophagy. Higher Sirt3 was associated with increased Bnip3 expression, which elevated mitophagy. Well-orchestrated mitophagy removed the damaged mitochondria in a timely manner, reducing mitochondrial damage and hepatocyte apoptosis. Finally, our data demonstrated that Sirt3 Fig. 8 . The ERK-CREB signalling pathway is involved in PA-mediated hepatocyte apoptosis. A-B. TUNEL assay was used to observe the apoptotic index of hepatocytes with ERK inhibition using PD98059. The number of apoptotic cells was recorded. C-F. Western blotting for the inflammatory response via measuring the levels of inflammatory factors. G. ATP production in Sirt3-overexpressed cells with ERK inhibition. H-I. ROS production was measured via flow cytometry. The data represent the mean ± SEM (n = 4 mice per group). *P < 0.05. regulated Bnip3-related mitophagy via the ERK-CREB signalling pathway; blockade of the ERK-CREB axis repressed mitophagy activity and abrogated Sirt3-mediated mitochondrial protection as well as hepatocyte survival. As far as we know, this is the first investigation to establish the protective role of Sirt3 in diet-induced fatty liver disease via modifying mitochondrial homeostasis, Bnip3-related mitophagy and the ERK-CREB signalling pathway.
Both loss-and gain-of-function experiments have established the protective role of Sirt3 in mitochondria. For example, Sirt3 prevents hepatocyte mitochondria against oxidative injury via modulating the Ku70/Drp1 signalling pathway [53] . In addition, Sirt3 also maintains osteoblast differentiation via regulating mitochondrial stress [54] . In cardiac disorder, Sirt3 deficiency promotes myocardial remodelling due to mitochondrial dysfunction and defective mitophagy [55] . Furthermore, activation of Sirt3 via Exendin-4 enhances mitochondrial bioenergetics in human adipocytes [52, 56] . Similarly, Sirt3 deletion aggravates cardiac ischaemia-reperfusion injury via increasing mPTP opening and mitochondrial DNA damage [57, 58] . These results reveal the critical role that Sirt3 played in maintaining mitochondrial homeostasis. In the present study, we found that fatty liver disease was associated with downregulated Sirt3. Loss of Sirt3 was followed by redox imbalance, energy shortage, mitochondrial potential reduction, and the activation of caspase-9-mediated apoptosis in hepatocytes. These data suggest that high-fat-mediated hepatocyte damage results from mitochondrial dysfunction and that Sirt3 downregulation could be considered a pathogenic factor for diet-induced liver illness. Given the protective action of Sirt3 on mitochondria and hyperlipidaemia-challenged hepatocytes [59, 60] , stimulation of Sirt3 could represent a novel modality to inhibit the progression of fatty liver disease.
Mitophagy, a kind of mitochondrial autophagy, plays an important role in timely removal of damaged mitochondria and recycling of mitochondrial mass [61, 62] . The drop in mitophagy activity has been acknowledged as an aetiology for several diseases [63, 64] . In acute cardiac reperfusion, defective mitophagy activity results in failure to maintain the mitochondrial mass [65] , leading to the accumulation of poorly structured mitochondria and the activation of mitochondrial apoptosis [66, 67] . Similarly, in liver cancer and gastric cancer, defective mitophagy is associated with cancer migration inhibition due to energy disorders. In addition, in neurodegenerative diseases, such as Alzheimer's disease and Parkinson's syndrome, aberrant mitophagy promotes neuron injury because of the accumulation of damaged mitochondria [34] . These data have substantiated the sufficiency of pathogenically relevant degrees of impaired mitophagy to induce mitochondria damage, as well as the necessity of mitophagy inhibition for the development of acute and/or chronic metabolic disorders. In the present study, our results illustrated that mitophagy was inhibited by high-fat treatment due to the downregulation of Sirt3. Re-introduction of Sirt3 reversed mitophagy via the activation of Bnip3 expression, enhancing the resistance of mitochondria and hepatocytes to lipotoxicity. These data were similar to those described in a previous study that shows that the activation of Bnip3 elevates mitophagy activity and reduces fatty liver disease. Therefore, interventions to increase either the mitophagy activity or Bnip3 expression during high-fat-diet appear to be protective for liver and mitochondria.
At the molecular levels, we confirmed that Bnip3-mediated mitophagy was regulated by Sirt3 via the ERK-CREB signalling pathway. The ERK-CREB axis is the pro-survival signal for several kinds of diseases, including endothelial oxidative damage, neuronal cell excitotoxicity [68] , chronic inflammatory visceral pain, lung cancer death, and retinal pigment epithelial cells oxidative injury [69] . ERK-CREB axis has been found to be the downstream effector of Sirt3, suggesting that Sirt3 could indirectly regulate ERK-CREB pathway [70] . Interestingly, other studies have also reported that ERK-CREB cascade could be handled by Sirt1 [71] , suggesting that Sirt3 may indirectly modulate ERK-CREB pathway with the help of other sirtuins. In addition, the regulatory effects of the ERK-CREB axis on mitophagy management has been established by several studies [72, 73] . For example, in the mouse model of myocardial infarction, mitophagy inhibition is attributable to CREB inactivation [33] . In neuroinflammation, activation of the ERK-CREB cascade elevates mitophagy activity and confers additional pro-survival advantages to neurons in response to TNFα stress [25, 74] . In accordance with the above findings, our results also confirm that the ERK-CREB axis is beneficial for fatty liver disease: activated ERK-CREB signalling rescues mitophagy activity, sustaining mitochondrial homeostasis and reducing hepatocyte apoptosis. Notably, mitophagy activity is also regulated by other molecules, such as FUNDC1 [26] , Parkin [75] , and Mfn2 [12] . The role of other mitophagy regulators in fatty liver disease requires further investigation.
In summary, Sirt3 has a liver protective effect against fatty liver disease. Sirt3 activates the ERK-CREB signalling pathway, and the latter upregulates Bnip3-mediated mitophagy, thereby attenuating mitochondrial damage and inhibiting mitochondria-dependent hepatocyte apoptosis. This finding may highlight a new entry point for treating diet-induced fatty liver disease by targeting the Sirt3-ERK-CREB-Bnip3-mitophagy signalling axis. The limitation of this study is that all experiments were done in global Sirt3 transgenic mice. The effects of liver specific Sirt3 overexpression (such as transfection of Sirt3-adenoviral vectors into liver tissues) will provide more solid evidence to support our conclusions.
